Additional focusing of a high-intensity laser beam in a plasma with a density ramp and a magnetic field
Propagation of a high power Gaussian laser beam through a plasma with a density ramp where a magnetic field is present has been investigated. The spot size of the laser beam decreases as the beam penetrates into the plasma due to the role of a plasma density ramp. The studies show that the combined effect of a plasma density ramp and a magnetic field enhances the self-focusing property of the laser beam. Both factors not only reduce the spot size of the laser beam but also maintain it with only a mild ripple over several Rayleight lengths. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2773943͔
Relativistic interaction of a laser beam with a plasma has been studied experimentally and theoretically by many authors in the past several decades.
1-4 Numerous applications were suggested and they include the laser-driven acceleration, x-ray laser, fast ignition for inertial confinement fusion, [5] [6] [7] etc. In these applications, one needs the laser beam to propagate over several Rayleigh lengths while preserving an efficient interaction with the plasmas. Therefore, selffocusing of a high-intensity laser beam in a plasma is a very important research issue nowadays. [8] [9] [10] [11] [12] [13] [14] The experimental results on relativistic self-focusing in hydrogen gas have been reported by Fedosejevs et al. 15 Hafizi et al. 16 studied the propagation of an intense laser beam in a plasma, including the relativistic and ponderomotive effects. Their results show that the laser beam can acquire a minimum spot size due to the relativistic self-focusing in a plasma. Beyond the focus, the nonlinear refraction starts weakening and the spot size of the laser increases, showing oscillatory behavior with the distance of propagation. To overcome the diffraction and the successive high amplitude oscillation of the spot size, Gupta et al. 17 have proposed to introduce a slowly increasing plasma density gradient and found that the plasma density gradient plays a crucial role in the laser self-focusing.
Pukhov and Meyer-ter-Vehn 18 have observed the strong magnetic field generated during laser-plasma interaction that can influence the laser beam propagation. Singh 19 applied this kind of a magnetic field for electron acceleration by laser-plasma interaction, where high energy gain was obtained. The magnetic field changes the dispersion relation of the laser beam and modifies the plasma electron density. It is very important in the context of laser self-focusing. In this letter, we report an additional focusing of an intense laser beam in a plasma. The additional focusing enhancement is caused by the magnetic field applied in the transverse direction of the laser propagation. Our study shows that the combined role of a plasma density ramp and a magnetic field can reduce the radius of the laser beam efficiently and can maintain it longer.
We consider the propagation of a Gaussian laser beam through a magnetized plasma of electron density n with a density ramp along the z direction. The fields of the laser beam can be written as
where
2 / m͔ 1/2 is the electron plasma frequency, 0 is the plasma dielectric constant, g͑t͒ characterizes the temporal shape of the pulse, g͑t͒ = 1 for t Ͼ 0 and g͑t͒ = 0 for t Ͻ 0, c is the speed of light in vacuum, and −e and m are the electron's charge and mass, respectively. For z Ͼ 0, we may write A 2 = ͑A 0 2 / 2 ͒exp͑−r 2 / r 0 2 2 ͒, where ͑z͒ is known as the beamwidth parameter, A 0 is the axial amplitude of the laser, r 0 is the half width radius of the laser beam, and r is the radial coordinate of the cylindrical coordinate system. The upward plasma density profile can be modeled by a simple expression n͑͒ = n 0 tan͑ / d͒, where n 0 is the equilibrium plasma electron density, = z / R d0 is the normalized propagation distance, and d is an adjustable constant. We take this constant factor d = 2.5 so that the electron density reaches twofold equilibrium plasma density during the ramp length of 3R d0 , where R d0 = 0 r 0 2 /2c and 0 is the laser frequency. This kind of density profile can be achieved in an experiment by using transient laser drilling on a gas jet. Here, the transverse magnetic field ͑B ជ 0 ͒ in y direction is present. To use this magnetic field, we follow Singh, 20 where the transverse magnetic field was applied for laser electron acceleration. The wave equation governing the laser propagation can be written as
Using the standard perturbation technique from the equation of electron motion and the continuity equation, the perturbed velocity and density components in the presence of a transverse magnetic field can be calculated. As a result, the total transverse current density can be calculated as
where Here, the first term of Eq. ͑4͒ shows the linear current density and other terms are due to the nonlinear current density. The terms related to the nonlinear current density were modified due to the transverse magnetic field. This modified nonlinear current density due to the transverse magnetic field affects the nonlinear dielectric constant of the plasma, which can show the profound effect on laser selffocusing during propagation through an upward plasma density ramp. From the expression of the current density, the nonlinear dielectric constant can be written as ⌽ = a 2 p 2 ͑z͒ ϫ͓␣ 0 ͑c 2 k 0 2 / 0 2 ͒͑␣ 1 − ␣ 2 ͒ + ␣ 0 ␣ 3 ͔. To find out the equation governing the laser spot size, we use the following mathematical steps: ͑a͒ we substitute the current density in the wave equation and obtain the envelope amplitude equation in the Wentzel-Kramers-Brillouin approximation; ͑b͒ second, following the approach given by Akhmanov, 21 we introduce an eikonal, A = A 00 ͑z , r͒exp͓ik 0 S͑z , r͔͒, where A 00 ͑z , r͒ and S͑z , r͒ are the real function of space; and ͑c͒ we substitute the value of A and separate the real and imaginary parts of the resulting equation. The coupled set of equations for A 00 2 and S is solved in the paraxial approximation by expanding S as S = S 0 + ͑r 2 /2͒͑1/͒͑d / dz͒, where S 0 ͑z͒ is the axial phase. By following the above steps, we obtain A 00 2 = ͑A 0 2 / 2 ͒exp͑−r 2 / r 0 2 2 ͒ and the resultant equation governing the spot size of the laser is as follows:
where ⌽ 0 =1− p 2 ͑z͒ / ͑ 0 2 − c 2 ͒, a 0 = eA 0 / m 0 c, and = z / R d0 . Here, ⌽ is the change in the dielectric constant of the plasma due to the nonlinear effects introduced by the magnetic field and the plasma density ramp.
In Eq. ͑5͒, the first term is due to the diffraction effect, the second term is due to the plasma inhomogeneity, and the last is the nonlinear term with the effect of a magnetic field and plasma density ramp which is responsible for the additional self-focusing of the laser beam. Equation ͑5͒ is a second order differential equation and we can solve it by choosing suitable laser and plasma parameters. In this way, one can find the suitable condition for self-focusing of the laser during propagation through the density ramp in a magnetized plasma. In general, we use the boundary conditions, =1 and ‫ץ‬ / ‫ץ‬ =0.
For the experimental parameters of the equilibrium plasma electron density n 0 = 1.1ϫ 10 19 cm −3 , maximum laser intensity I 0 =5ϫ 10 18 W cm −2 , laser wavelength 0 =1 m, and laser spot size r 0 =10 m, we solve Eq. ͑5͒ to find out the variation of the beamwidth parameter with the distance of propagation of the laser beam. The used magnetic field is about 30 MG. Figure 1 displays the variation of the beamwidth parameter against the normalized propagation distance of the laser beam with a magnetic field ͑black curve͒ and without a magnetic field ͑red curve͒. This figure shows that the combined effect of a plasma density ramp and a magnetic field enhances the laser focusing. In the absence of a magnetic field ͑where only the plasma density ramp is present͒, we find that the beamwidth parameter decreases with the distance of propagation to a value of = 0.4 at z =2R d0 . As the equilibrium electron density is an increasing function of the distance of propagation of the laser beam, the plasma dielectric constant decreases rapidly as the beam penetrates deeper and deeper in the plasma. Consequently, the selffocusing effect is enhanced and the laser beam is focused more in the plasma density ramp. If the magnetic field is applied, the beamwidth parameter is observed to decrease with the propagation distance to a value of = 0.2 at z = R d0 . Because of the magnetization of the plasma, the laser beam spot size not only decreases to its minimum value but also maintains it with only a mild ripple over several Rayleight lengths. If we compare both cases ͑with and without the magnetic field͒, it is found that the magnetic field enhances the self-focusing property of the laser beam. Figure 2 shows the effect of plasma magnetization on laser focusing for different values of the magnetic fields. It is observed that the increasing magnetic field leads to a significant decrease in beamwidth parameter of the laser beam.
In conclusion, the combined role of the plasma density ramp and the transverse magnetic field is found to enhance the laser beam focusing in a plasma. The spot size of the laser beam shrinks as the beam penetrates into the plasma 
